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Transfer of Genes to Humans: 
Early Lessons and Obstacles 
to Success 

Ronald G. Crystal 

Enough information has been gained from clinical trials to allow the conclusion that human 
gene transfer is feasible, can evoke biologic responses that are relevant to human disease, 
and can provide important insights into human biology. Adverse events have been un- 
common and have been related to the gene delivery strategies, not to the genetic material 
being transferred. Human gene transfer still faces significant hurdles before it becomes 
an established therapeutic strategy. However, its accomplishments to date are impres- 
sive, and the logic of the potential usefulness of this clinical paradigm continues to be 
compelling. 



Human uene transfer is a clinical strategy 
in which the genetic repertoire of somatic 
cells is modified tor therapeutic purposes or 
to help gain understanding of human biol- 
ogy (/, 2). Essentially, gene transfer in- 
volves the delivery, to target cells, of an 
expression cassette made up of one or more 
genes and the sequences controlling their 
expression. This can he carried out ex vivo 
in a procedure in which the cassette is 
transferred to cells in the laboratory and the 
modified cells are then administered to the 
recipient. Alternatively, human gene trans- 
fer can he done in vivo, in a procedure in 
which the expression cassette is transferred 
directly to cells within an individual. In 
hoth strategies, the transfer process is usu- 
ally aided hy a vector that helps deliver the 
cassette to the intracellular site where it can 
function appropriately (1, 2). 

Once considered a fantasy that would 
not become reality for generations, human 
gene transfer moved from feasibility and 
safety studies in animals to clinical applica- 
tions more rapidly than expected by even 
its most ardent supporters (1-3). It is not 
the purpose of this review to detail all hu- 
man protocols that have been proposed, but 
to use examples from the available informa- 
tion regarding ongoing human trials (3) to 
define the current status of the field. 

How is Human Gene Transfer 
Carried Out? 

The choice of an ex vivo or in vivo strategy 
and of the vector used to carry the expres- 
sion cassette is dictated by the clinical tar- 
get. The vector systems for which data are 
available from clinicai trials (retroviruses, 
adenoviruses, and plasmid-liposome com- 
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plexes) transfer expression cassettes through 
different mechanisms and thus have distinct 
advantages and disadvantages tor different 
applications ( 1 , 2). 

Vectors. Replication-deficient, recombi- 
nant retrovirus vectors can accommodate 
to 9 kb of exogenous information (Fig. 
1). Retroviruses transfer their genetic infor- 
mation into the genome of the target cell, 
and thus, theoretically, the target cell's gen- 
otype is permanently modified (I, 2, 5). 
This is an advantage when treating hered- 
itary and chronic disorders, but it has risks, 
including the potential for toxicity associ- 
ated with chronic overexpression or inser- 
tional mutagenesis (for example, it the pro- 



viral DNA randomly disrupts a turn* ^ 
pressor gene or activates an oncogene). t£' 
use of retrovirus vectors is limited bf ^! 
sensitivity of the vector to inactivatuv.W 
the fact that target cells must proliferate » 
order to integrate the proviral ^ 
the genome, and by production pn*^, 
associated with recombination, rcana^ 
ments, and low titers (1, 2, 5). Rein*** 
vectors have been used almost entirely no 
vivo gene transfer trials. 

Adenovirus vectors in current use 
commodate exptession cassettes up to JJ 
kb ( 1 , 2, 6). These vectors enter the ctDK 
means of two receptors: a specific rctrfta 
for the adenovirus fiber and a v |J, (ora.l^i 
surface integrins that serve as a reccpu* it 
the adenovirus penton (7) (Fig. 2). Aocas. 
virus vectors are well suited for m 
transfer applications because they can t» 
produced in high titers (up to 10" vat 
particles/ml) and they efficiently tna*- 
genes to nonreplicattng and rc-pliau^ 
cells (8). The transferred genetic inf..«at». 
tion remains epichromosomal, thai a»\«i 
ing the risks ot permanently alterinc e» 
cellular genotype or of insertional muUjjR» | 
esis. However, adenovirus vectors in ess I 
rent use evoke nonspecific inflamnua* f 
and antivector cellular immunity (9). That | 
responses, together with the eptchruo* | 
somal position of the expression casjettj 
limit the duration of expression to pcml i 
ranging from weeks to months. Thus *k- i 
novirus vectors will have to be realms* j 
tered periodically to maintain their pew* | 
tent expression. Although it is unlikely ths r 



Fig. 1 . Retrovirus vector Retrovirus (wild-type) DNA 

design, production, and 
gene transfer. Retrovi- 
ruses are RNA viruses 
that replicate through a 
DNA intermediate. The 
retrovirus vectors ad- 
ministered to humans ail 
use the Maloney murine 
leukemia virus as the 
base. The gag, pol, and 
env sequences are de- 
leted from the virus, ren- 
dering it replication-defi- 
cient. The expression 
cassette is inserted, and 
the infectious replica- 
tion-deficient retrovirus 
is produced in a packag- 
ing cell line that contains 
the gag, pol, and env se- 
quences that provide the 
proteins necessary to 
package the virus. The 
vector with its expres- 
sion cassette enters the 

target cell via a specific „rtcthPvecW 
receptor. In the cytoplasm, the reverse transcriptase (RT) carried by the vector converts ne 
into the proviral DNA that is rancomly integrated into the target cell genome, where irw ^ 
cassette makes its product. 3| 
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-jepeat administration will be risky, it is not 
IJoiown whether antibodies directed against 
gyecror capsid proteins will limit the effica- 
t of repetitive administration of these vec- 
tors (9). Adenovirus vectors have been 
loused only in in vivo human trials. 

In theory, plasmid-liposome complexes 
$bave many advantages as gene transfer vec- 
ft-tars, in that they can be used to transfer 
/•expression cassettes of essentially unlimited 
sire, cannot Teplicate or recombine to form an 
'infectious agent, and may evoke fewer in- 
flammatory or immune responses because 
; lhey lack proteins (JO) (Fig. 3). The disad- 
vantage of these vectors is that they are in- 
' efficient, requiring that thousands of plasmids 
be presented to the target cell in order to 
achieve successful gene transfer. The avail- 
able data are not sufficient to determine if 
repetitive administration of liposomes or 



DNA poses safety risks. Plasmid-liposome 
complexes have been used only in in vivo 
human trials. 

Expression cassettes and clinical targets. Hu- 
man gene transfer studies fall into two cate- 
gories: marking and therapeutic (Table 1). 
The marking studies use expression cassettes 
with bacterial antibiotic-resistant genes, 
which allow the genetically modified cells to 
be identified (Table 1). Because the marking 
genes have no function (other than to per- 
mit selection of the modified cells in vitro), 
the trials using marker genes have been de- 
signed to demonstrate the feasibility of hu- 
man gene transfer, to uncover biologic prin- 
ciples relevant to human disease, and to 
evaluate safety. These trials have mostly used 
retrovirus vectors and have focused on ma- 
lignant disorders or on human immum>defi- 
ciency vims (HIV) infection. 



Adenovirus (wild-type) DNA 



Bg. 2. Adenovirus vector design, 
production, and gene transfer. Ad- 
enoviruses are DNA viruses with a 
36-kb genome. The wild-type ade- 
;,novirus genome is divided into early 
j;{ETto E4) and late (L1 to L5) genes. 
Al adenovirus vectors administered 
Id- humans use adenovirus sero- 
types 2 or 5 as the base. The ability 
of the adenovirus genome to direct 
production of adenoviruses is de- 
pendent on sequences in E1. To 
produce an adenovirus vector, the 
Etsequences (and E3 sequences if 
te space is needed) are deleted. 
The expression cassette is inserted, 
and Ihe vector DNA is transfected 
ito a complementing cell line with 
El sequences in its genome. The 
adenovirus vector with its expression 
cassette is E1 - and thus incapable of replicating . The vector binds to the target cell through an interaction of the 
adenovirus fiber and penton, each to a specific receptor; moves into a cytoplasmic endosome: and breaks out 
ail delivers its linear, double-stranded DNA genome with the expression cassette into the nucleus, where it 
Actions in an epichromosomal fashion to direct the expression of iis product. 




fig. 3. Plasmid-liposome complex 
feign and gene transfer. The lipo- 
;Somesused in human gene transfer 
teb have various compositions, 
Ul typically include synthetic cat- 
tle lipids. The positively charged 
fesome is complexed to the neg- 
atory charged plasmid with its ex- 
V*sskx\ cassette. The complexes 
*<er the target cell by fusing with 
** plasma membrane. The vector 
**s not have an inherent macro- 
*J*cular structure that conveys in- 
*|"Btion to enable efficient trans- 
"fcatwn of the plasmid to the nucle- 
* Consequently, most of the new- 
V introduced genetic material is 
lasted as it is shunted to cytoplas- 
organelles. When used in vivo, 
?**«Vthat most, if not all. of the 
F^njds that reach the nucleus 
.:gjfj°n in an epichromosomal 



Plasmid with 
expression \ Liposome 
cassette 
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The therapeutic trials seek to transfer 
expression cassettes earning genes that will 
evoke biologic responses that are relevant 
to the treatment of human disease, and to 
demonstrate that this can be accomplished 
safely. The therapeutic studies have used 
retrovirus vectors, adenovirus vectors, or 
plasmid-liposome complexes. All of the 
therapeutic trials have been directed toward 
monogenic hereditary disorders or cancer. 

What Has Really Been 
Accomplished? 

Feasibility of gene transfer. Probably the most 
remarkable conclusion drawn from the hu- 
man trials is that human gene transfer is 
indeed feasible. Although gene transfer has 
not been demonstrated in all recipients, 
most studies have shown that genes can be 
transferred to humans whether the strategy 
is ex vivo or in vivo, and that all vector 
tyres function as intended. Taken together, 
the evidence is overwhelming, with success- 
ful human gene transfer having been dem- 
onstrated in 28 ex vivo and 10 in vivo 
studies (Table 1 ). 

In the ex vivo >tudies with retrovirus 
vectors, successful gene transfer to humans 
has been shown by the transfer of marker 
genes to various classes of T cells (J 1-/6). 
to stem cells in blood and marrow (16-27), 
to tumor-infiltrating lymphocytes (TILs) 
( / / , 28. 29), to neoplastic cells of hemato- 
poietic lineage (/6. //, 20. 21. 25. 26). and 
to neoplastic cells derived troni solid tumors 
(Table 1 ). Although there is variation 
among ex vivo clinical trials in the propor- 
tion ot genetically marked cells recovered 
from the recipients, retroviral vector DNA 
or marker gene-derived mRN'A or both 
have been observed in cells collected after 
periods ranging from several weeks to ~i6 
months after administration. 

Retrovirus vectors also have been used to 
transfer therapeutic genes ex vivo, with suc- 
cess demonstrated by the fact that the modi- 
fied cells exhibit their altered phenotype in 
vivo tor up to 36 months (Table 1 ). Typically, 
the expression cassette containing the thera- 
peutic gene also contains an antibiotic-resis- 
tance gene, permitting the ex vivo selection 
of genetically modified cells recovered from 
the recipient. Successful gene transfer has 
been demonstrated in cells recovered from 
children with adenosine deaminase (ADA) 
deficiency atter transfer ot the normal ADA 
complementary DNA (cDNA) to autologous 
T cells, cord blood, and placental cells (30- 
32); from individuals with solid tumors after 
transtet ot cytokine cDNAs in autologous 
vaccine strategies to fibroblasts, TILs, or ru- 
mor cells (33-37); from individuals wirh fa- 
milial hypercholesterolemia after transfer of 
the low-density lipoprotein (LDL) receptor 
cDNA to autologous hepatocytes (38, 39); 
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from HIV"" siblings after transfer of a chimeric 
T cell receptor cDNA to blood T cells of a 
twin (40); and from individuals with tumors 
who received autologous marrow transplants 
after transfer of the multidrug resistance 1 
cDNA to autologous Wood CD34^ stem cells 
(41 ). A retrovirus vector has also been used in 
vivo to successfully transfer a p53 antisense 
cDNA to lung carcinoma cells (42). Finally, 
in a combined ex vivo-in vivo strategy for 
treatment of brain neoplasms, gene transfer to 
tumor cells has been observed after xenoge- 



neic cells (murine fibroblasts whose genome 
had been modified with amphotropic packag- 
ing sequences) infected with a retrovirus vec- 
tor containing an expression cassette with the 
herpes simplex thymidine kinase (HSTK) 
gene were introduced into the tumor (43). 

In in vivo studies with adenovirus vec- 
tors, several studies have shown that direct 
administration of a vector containing the 
normal human cystic fibrosis transmem- 
brane conductance regulator (CFTR) 
cDNA to the nasal or bronchial epitheli- 



um of individuals with cystic fibrdsis 
(CF) results in transfer of the CFTR . 
cDNA-containing expression cassette to 
the epithelium, where CFTR mRNA or 
protein is expressed for at least 9 days 
(44-5Q) (Table 1). Direct administration 
of a plasmid-liposome complex containing 
an expression cassette with the CFTR 
cDNA to the nasal epithelium of individ- 
uals with CF resulted . in expression of 
CFTR mRNA in the epithelium (51). Fi- 
nally, plasmid-liposome complexes have 



Table 1. Summary of studies showing that transfer of genes to humans is 
feasible. Data shown are based on published articles and abstracts and on 
RAC-mandated biannual reports of principal investigators as of the RAC 
meeting of 8 to 9 June 1 995. Abbreviations used for vector study type are RV, 
retrovirus: Ad. adenovirus; PL. plasmid-liposome complex; M, marker-type 
study; and T. therapeutic-type study. Abbreviations used for gens products 
are Neo R , neomycin phosphotransferase; Hygro, hygromycin phosphotrans- 
ferase; HSTK. herpes simplex thymidine kinase: ADA. adenosine deaminase: 
LDLR, low-density lipoprotein receptor; TNF, tumor necrosis factor a; CD4 
zeta-R. chimeric T cell receptor: MDR-1. multidrug resistance 1: SL-4, inter- 
!eukin 4; GM-CSF, granulocyte macrophage colony-stimulating factor; CFTR. 
cystic fibrosis transmembrane conductance regulator; and B7 + p 2 , histo- 



compatibility locus antigen class I-B7 + p 2 microglobulin. Except for Neo R , 
Hygro. and HSTK, all genes are cDNAs. Abbreviations used for target cells 
are TIL, tumor-infiltrating lymphocytes; EBV, Epstein-Barr virus; HIV, human 
immunodeficiency virus 1 ; and CTL. cytotoxic T lymphocytes. All target cells 
are autologous unless otherwise specified. Abbreviations used to charac- 
terize study populations are AML, acute myelogenous leukemia; CML, 
chronic myelogenous leukemia: ALL, acute lymphocytic leukemia; ca, car- 
cinoma; and CF, cystic fibrosis. Under in vivo evidence of gene transfer, a 
plus sign indicates a report of transfer or expression (or both) of an exoge- 
nous gene in cells obtained from one or more individuals in the study; time 
listed is the longest time after administration that gene transfer or expres- 
sion was observed. 



Vector 

study Gene product 
type 



Target cells 



Study population 



In vivo 
evidence of 
gene transfer 



Principal 
investigator 



Reference 
number 



RV-M 


Neo R 


TIL 


Melanoma 


- 2 months 


RV-M 


Neo R 


TIL 


Melanoma 


- 3 months 


RV-M 


Neo R 


Marrow 


AML 


-36 months 


RV-M 


Neo R 


Marrow 


Neuroblastoma 


-29 months 


RV-M 


Neo R 


Marrow 


Neuroblastoma 


-20 months 


RV-M 


Neo R 


Marrow 


CML 


- 5 months 


RV-M 


Neo B 


Marrow 


AML. ALL 


- 1 2 months 


RV-M 


Neo R 


CD4-, CD8~. blood. TIL 


Melanoma, renal cell ca 




RV-M 


Neo R 


CD34' blood, marrow 


Multiple myeloma 


- 18 months 


RV-M 


Neo s 


CD34 T blood, marrow 


Breast ca 


- 1 8 months 


RV-M 


Neo R 


Marrow 


AML 


- 1 2 months 


RV-M 


Neo B 


Normal twin blood T cells* 


Identical twins. 1 HIV" 


- 4 months 


RV-M 


,Meo B 


Blood, marrow 


CML 




RV-M 


Neo R 


CD34" blood 


Metastatic ca. lymphoma 


- 1 5 days 


RV-M 


Neo R 


EBV-specfic CTL= 


Ca. leukemia 


- 7 months 


RV-M 


Hvgro - HSTK 


CD8" HiV gag specific. CTLS 


HIV", lymphoma 


- 1 4 days 


RV-T 


ADA 


Stood T cells 


ADA deficiency 


-36 months 


RV-T 


ADA 


Cord blood cells 


ADA deficiency 


- 18 months 


RV-T 


LDLR 


Hepatocytes 


Familial hypercholesterolemia 


- 4 months 


RV-T 


TNF 


TIL 


Melanoma 




RV-T 


IL-2 


Tumor cells!) 


Metastatic ca 




RV-T 


IL-2 


Neuroblastoma:! 


Metastatic ca 




RV-T 


CD4 zeta-R 


Normal twin blood T cells* 


Identical twins. 1 HIV T 


+ 4 months 


RV-T 


MDR-1 


Blood CD34 • 


Breast ca 




RV-T 


IL-4 


Fibroblasts^ 


Metastatic ca 




RV-T 


GM-CSF 


Melanomail 


Melanoma 




RV-T 


Anti-sense p53 


Lung ca 


Lung ca 


-!- 1 days 


RV-T* 


HSTK 


Tumor cells 


Glioblastoma 




Ad-T 


CFTR 


Nasal, airway epithelium 


CF 


+ 9 days-= 


Ad-T 


CFTR 


Nasal epithelium 


CF 


4- 


Ad-T 


cm 


Nasal epithelium 


CF 


+ 5 days" 


Ad-T 


~F R 


Airway epithelium 


CF 


Ad-T 


CFTR 


Nasal epithelium 


CF 




PL-T 


CFTR 


Nasal epithelium 


CF 


-h 4 days 


PL-T 


97 + p.. 


Melanoma 


Metastatic ca 


- 3 days 


PL-T 


37 + p.'; 


Colorectal ca 


Metastatic ca 




PL-T 


B7 + p, 


Renal cell ca 


Metastatic ca 




PL-T 


B7 + p; 


Melanoma 


Metastatic ca 
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(2S) 

(29) 
(16. 17) 

(78) 

(78) 

(20) 

(27) 

(' J) 
(22, 23) 
(23, 24) 

(25) 

(72) 

(26) 

{27) 
{14, 15) 

( ; 3) 
{30. 31) 
(30. 32) 
(38, 39) 

(33) 

(36) 

(35) 

(40)" 

(47) 

(34) 

(37) 

(42) 

(43) 
(44. 45) 
(46. 47) 

(48) 

(49) 

(50) 

(5!) 

(52) 
(53,54) 
(54, 55) 

(56) . 



■ Tins stuflv usee a mixed ex vivo-in vivo strategy, m wnich a xenogenic fibroblast cell line was modified with a retrovirus to produce an arnDhotropic retrovirus vector cont ^9 - 
expression cassette with the genes for Neo R * HSTK. and the modified retrovirus-producing cell line was administerea directly into the tumor. rBlood T cells from a normal i«™ 
twin moaified with an expression cassette and men administered to an HIV • twin. ^Allogeneic. SThe HSTK gene used as a marker gene. ^Autologous tumor cei.s moonw 
■.v:!!i an expression cassette, lethally irradiated, and then administered as a ■ vaccine." 
3amims:erea together w.tn autologous, unmcaified tumor celis as a vaccine." =Mes 
davs. .Collaborative study, different institutions. 



logeneic. SThe HSTK gene used as a marker gene. ^uiuiuyuua iu. - .u. w° . 

1 Autologous fibroblasts~moafied with an expression cassette, lethally irradiated, and DW 
essenger RNA at 9 days, vector DMA at 15 davs. "A few +■ cells were observed at w 
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used to transfer the human leukocyte 
itigen (HLA)-B7 and £2 microglobulin 
(NAs directly to solid tumors in vivo, 
consequent expression of the transfer 
'Cassette being seen in the tumor (52-56). 
Relevant biologic responses. No human 
has been cured by human gene 
pansfer, and it is not clear when this will be 
i Accomplished. However, several studies 
have demonstrated that therapeutic genes 
transferred to humans by means of retrovi- 
rus, adenovirus, and plasmid-liposome vec- 
tors can evoke biologic responses that are 
relevant to the gene product and to the 
ipecific disease state of the recipient (Table 
2). Most of the studies demonstrating bio- 
logic efficacy have focused on monogenic 
hereditary disorders, where it is rational to 
believe that, if the normal gene product 
could be appropriately expressed at the rel- 
evant site, the abnormal biologic phenotype 
could be corrected. 

Severe combined immunodeficiency- 
ADA deficiency is a fatal recessive disorder 
caused by mutations in the gene encoding 
ADA; these mutations cause accumulation 
of adenosine and 2'-deoxyadenosine, which 
are toxic to lymphocytes (57). Affected 
children are unable to generate normal im- 
mune responses and develop life-threaten- 
ing infections. The normal ADA cDNA 
was transferred ex vivo with a retrovirus 
vector into T lymphocytes of two children 
with this disorder, and the modified T cells 
were expanded in the laboratory and peri- 
odically infused into the autologous recipi- 
ents (30, 31 ). This resulted in an increase in 



T cell numbers and in the ADA levels in 
circulating T cells. The two children now 
have partially reconstituted immune func- 
tion, as demonstrated by T cell cytokine 
release, cytotoxic T cell activity, isohemag- 
glutinin production, and skin test responses 
to common antigens. In addition, three in- 
fants with ADA deficiency who received 
autologous infusions of cord blood CD34" 
stem cells modified ex vivo with a retrovirus 
vector containing the normal ADA cDNA 
have also shown evidence of increased 
numbers of blood T cells and increased 
ADA levels in T cells (30, 32). The results 
of the ADA studies are difficult to inter- 
pret, because none of these trials have been 
controlled and the recipients have also re- 
ceived the standard therapy of enzyme in- 
fusions with mono-methoxypolyethylene 
glycol-bovine ADA. Despite these caveats, 
these observations are consistent with the 
conclusion that this ex vivo gene transfer 
strategy evokes biologic responses that are 
relevant to treatment of ADA deficiency. 

Familial hypercholesterolemia is a fatal 
disorder caused by a deficiency of LDL re- 
ceptors in the liver that are secondare to 
mutations in the LDL receptor genes (3S, 
39, 58). The consequences are high levels 
of serum cholesterol and LDL cholesterol, 
premature atherosclerosis, and myocardial 
infarction. A retrovirus vector was used ex 
vivo to transfer the normal LDL receptor 
cDNA to autologous hepatocyces obtained 
by partial liver resection of an individual 
u'ith this disorder (3S, 39). After reinfusion 
of the modified hepatocytes into the liver 



via the portal vein, there was a reduction in 
LDL cholesterol and in the ratio of LDL to 
high-density lipoprotein over 18 months, 
which is consistent with the concept that 
the corrected cells functioned in vivo to 
internalize and metabolize LDL cholesterol 
appropriately. Like the ADA deficiency 
studies, this study was partially compro- 
mised because other therapies were being 
administered. Furthermore, the LDL recep- 
tor gene mutations were mild and could 
have responded to experimental variables 
other than the transferred gene (58). How- 
ever, similar transfer of autologous hepato- 
cytes modified ex vivo to other individuals 
with more severe mutations of the LDL 
receptor gene demonstrated partial correc- 
tion of a variety of lipoprotein-related met- 
abolic parameters, which is consistent with 
the conclusion that this gene transfer strat- 
egy did evoke a relevant response (3S). 

Cystic fibrosis is the most common le- 
thal hereditary disorder in North America 
(59). It is caused by mutations in the CFTR 
gene, a gene coding for an adenosine 3',5'- 
monophosphate (cAMP)-regulatahle chlo- 
ride channel in the apical epithelium. As a 
result of these mutations, the airway epithe- 
lium is deficient in CFTR function. This 
leads to chronic airway infection and in- 
flammation and progressive respiratory de- 
rangement. There is compelling logic to the 
argument that these lung derangements 
could be prevented if CFTR function could 
bo restored in these cells (60). It i> difficult 
to assess CFTR function in the airway epi- 
thelium in vivo in humans, but the nasal 



Table 2. Data from human gene transfer studies in which transfer of genetic material has evoked a biologic response that is rele\ ant to tne underl-, 



ina oisease. 



Disease 
category 



Disease 



Strategy Vector 



Gene 
product' 



Target cells 



Relevant biologic 
response 



principal 
investigator 



Reference 
number 



Hereditary ADA deficiency Ex vivo Retrovirus ADA 



Familial hyper- Ex vivo Retrovirus LDLR 

cholesterolemia 
Cystic fibrosis In vivo Adenovirus CFTR 



Cystic fibrosis 



Acquired Solid tumors 



In vivo Plasmid- CFTR 
liposome 
complex 

In vivo Plasmid- HLA-B7 
liposome -f- p ? 
complex 

Ex vivo Retrovirus IL-4 

Ex vivo Retrovirus IL-2 



Blood T cells and cord 
blood CD34* stem 
cells 

Hepatocytes 

Nasal epithelium 



Nasal epithelium 

Tumor cells* 

Fibroblasts?* 
Neuroblastoma:; 



Partial restoration of 
immune response 

Partial correction of lipid 
abnormalities 

Partial correction of 
potential difference 
abnormalities across 
the nasal epithelium 

Partial correction of 
potential difference 
abnormalities across 
the nasal epithelium 

Specific immune 
response to tumor 



Specific and nonspecific 
immune response to 
tumor 

Specific and nonspecific 
immune response to 
tumor 
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Wilson. J. M. 

Welsh. M. J. 
Crystal. R. G. 



Geddes. D. M. 



Nable. G. J. 

Rubin, J. 

Vogelzang. N. 

Hersh. E." 
Lotze. M. 



Brenner. K'. K. 



*^en * nos "^i Ieanlirias 6 deficiency: LDLR. low-density lipoprotein receptor: CFTR. cvsiic ftorosis transmembrane conductance regulator- Hl. 
"Vaconp » ^ ' " ^ m| crogiobulin; IL-4. inlerieukin-*:. ^Direct administration to melanoma, colorectal carcinoma, or renal cell carcinoma 
> Combined ivitn letnallv irradiated, unmodified autologous tumor cells. 



'30-32) 



\38. 39) 

(45. 47) 
144. 62) 



(57) 



(52) 
(53. 54) 

154. 55) 
■■54. 56) 
(34) 
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epithelium has been used as a surrogate to 
test the hypothesis that in vivo transfer of 
the normal CFTR cDNA will correct the 
functional consequences of CFTR deficien- 
cy (47, 6 J ). The parameters measured relate 
to the observation that the deficiency in 
CFTR causes an abnormal potential differ- 
ence between the nasal epithelial surface 
and subcutaneous tissues. Although the na- 
sal epithelium is not identical to the airway 
epithelium, two of three studies with adeno- 
virus vectors (44-41, 50, 62) and one with 
plasmid-liposome complexes (51) have 
demonstrated that in vivo transfer of the 
CFTR cDNA to the nasal epithelium 
evokes a partial correction of these potential 
difference abnormalities tor 1 to 2 weeks. 

There are also studies in which human 
gene transfer appears to have initiated bio- 
logic responses that are relevant to therapy 
for an acquired disorder. These are all "tu- 
mor vaccine" studies, based on the hypoth- 
esis that exaggerated local expression of an 
immune-related cytokine might help acti- 
vate the immune system sufficiently to rec- 
ognize tumor antigens and control the 
growth of tumor cells. In one ex vivo study, 
a retrovirus vector was used to transfer the 
interleukin-4 (IL-4) cDNA to autologous 
fibroblasts (34). The cells were then irradi- 
ated and implanted subcutaneously in the 
donor together with irradiated, unmodified, 
autologous tumor cells. In some recipients, 
this evoked infiltration with CD3* T cells 
and tumor-specific CD4~ T cells at the 
immunization site, as well as enhanced ex- 
pression of cell adhesion molecules on cap- 
illary endothelium. In another trial, autol- 
ogous neuroblastoma cells modified ex vivo 
with a retrovirus to contain the IL-2 cDNA 
were lethally irradiated and implanted sub- 
cutaneously (35). In some individuals, this 
evoked systemic augmentation ot CD16~ 
natural killer cells and tumor-specific 
CDS* cytotoxic T cells and eosinophilia. 
Finally, in four trials, in vivo plasmid-lipo- 
some complexes were used to transfer a 
heterologous HLA class I-B7 cDNA and 
the {J, microglobulin cDNA directly to sol- 
id tumors (52-56). In several patients, there 
was evidence that the gene transfer process 
initiated amplification of the numbers of 
detectable, circulating, tumor-specific cyto- 
toxic T cells. 

Insights into human biology. Experience 
with marking studies has shown that human 
gene transfer can yield important insights 
into human biology by making it possible to 
track the tate of genetically marked cells in 
a recipient. For example, when stored au- 
tologous marrow is used to rescue a patient 
from the suppression of marrow function 
that complicates high-dose chemotherapy 
for late-siage malignancy, the individual 
may subsequently develop a recurrence of 
the maliunancy. Gene transfer marking 



studies have helped answer the question of 
whether the recurrence is secondary to a 
residual tumor in the patient or is derived 
from malignant cells contaminating the re- 
infused banked marrow. Several studies that 
used an ex vivo strategy with a retrovirus 
vector to mark marrow cells with a neomy- 
cin resistance (neo R ) gene and then rein- 
fused the marked marrow have demonstrat- 
ed that contamination of the autologous 
marrow with malignant cells is common (II, 
16-25). These observations have led to 
more attention being focused on purging 
banked autologous marrow of contaminat- 
ing neoplastic cells before they are reinfused. 

There are a number of strategies being 
developed for the use of ex vivo gene trans- 
fer to protect autologous T cells from infec- 
tion with the HIV- 1 . None will work, how- 
ever, if autologous T cells manipulated in 
the laboratory and then reinfused into an 
HIV + individual have a short biologic half- 
life. The life-span of an autologous T cell in 
HIV* individuals has been evaluated in 
identical twin pairs in which one twin is 
HIV" and the other is HIV" (12). A retro- 
virus vector was used ex vivo to transfer the 
neo R gene into the T cells from the normal 
twin, and the genetically marked cells wete 
then reinfused into the HIV"*' twin. Some 
CD4* and CDS* marked T cells (or their 
progeny) survived for at least 10 months, 
providing a baseline to allow future studies 
to compare the fate ot T cells that have 
been genetically modified to prevent HIV 
infection. 

In a strategy to prevent reactivation ot 
Epstein-Barr virus (EBV) and the accompa- 
nying associated lymphoproliferative disease 
after bone marrow transplantation, allogenic 
EBV-specific cytotoxic T cells (CTL) were 
genetically marked with a retrovirus vector, 
and the cells were infused into individuals at 
risk (J 5, 16). This preliminary study suggest- 
ed that EBV-specific allogenic cells may 
help control EBV-associated complications 
of marrow transplantation, and the use of 
the marker genes demonstrated that the in- 
fused EBV-specific CTL persisted in the re- 
cipients for 10 weeks. 

Two types of therapeutic studies support 
the biologic concept that minimal correc- 
tion of a genotype can have significant 
phenotypic consequences. In the ex vivo 
study of tetrovirus-mediated tr msfer of the 
LDL receptor cDNA into .a* .-logous hepa- 
tocytes in patients with familial hypercho- 
lesterolemia, liver biopsy several months 
after reinfusion of the modified hepatocytes 
showed that at most 5% of the total hepa- 
tocyte population expressed the normal 
gene in vivo (38, 39, 62). Despite this 
minimal correction, in some of the recipi- 
ents there were changes in LDL-related pa- 
rameters that suggested LDL receptor func- 
tion in the liver had been partially restored. 



Partial phenotypic correction has also been f , 
observed in most of the trials of adenovirus. I 
and plasmid-liposome complex-mediated r 
in vivo transfer of the CFTR cDNA to the > 
nasal epithelium in CF, even though the \ 
amount of gene transfer and expression has '. 
been limited to a small fraction of the target >. 
cells (44-47,50, 51, 62). I 
Finally, when adenovirus vectors are ad- < 
ministered to experimental animals, the an- 
imals quickly develop circulating neutralii. 
ing antibodies directed against the vector 
(9). In two studies of administration of ad- 
enovirus vectors to the airways of individ- • 
uals with CF, no circulating neutralizing 
antibodies were detected (44, 45, 49). This, 
is an important observation, because the : 
expression cassette delivered by adenovirus 
vectors remains epichromosomal, and thus i 
the vector will have to be readministered as : 
its expression wanes. Although it is possible 
that there are local antibodies to the vec- 
tors in these individuals (9), the lack of a 
systemic immune response to such an anti- 
gen load is encouraging in that it suggests 
that antibodies to vectors may not be a 
major factor limiting persistent vector ex- 
pression in humans when the lung is repeat- 
edly dosed (64). 

Safety of gene transfer. The theoretical 
safety concerns regarding human gene 
transfer are not trivial. For the individual 
recipient, there is the possibility of vector- 
induced inflammation and immune re- 
sponses, of complementation of replication- 
deficient vectors leading to overwhelming 
viral infection, and (for the retrovirus vec- 
tors) of insertional mutagenesis. Thete are 
also theoretical issues that are important to 
society, including concerns about modifying 
the human germ line and about protecting 
the environment from new infectious 
agents generated from gene transfer vectors 
carrying expression cassettes with powerful 
biologic functions. 

There have been adverse events in the 
human gene transfer trials, including inflam- 
mation induced by airway administration of 
adenovirus vectots (44-50, 65) and by ad- 
ministration to the central nervous system of 
a xenogenic producer cell line releasing a 
retrovirus vector (43, 66). However, com- 
pared with the total numbers of individuals 
undergoing gene transfer, adverse events 
have been rare and have been related mosdy: 
to the dose and the manner in which the 
vectors were administered. Shedding of viral ; 
vectors in the in vivo trials was very uncom- 
mon and was limited in extent and time (42, 
44-50, 65). No novel infectious agents gen- 
erated from recombination of the transferred 
genome and the host genome or other ge- 
netic information have been detected, not:; 
has any replication-competent virus related^ 
to the vector. Cells modified ex vivo wiov 
retrov irus vectors have been infused reper*£ 
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:ly without adverse effects (13, 30, 31, 
i, adenovirus vectors have been adminis- 
__id repetitively in vivo to the nasal (48) 
t^nd bronchial epithelium safely (64, 67), 
;ind plasmid-liposome complexes have been 
^administered repetitively to tumors in vivo 
./without complications (52-56). Finally, hu- 
Cman gene transfer has not been implicated 
|in initiating malignancy, although the num- 
Ibers of recipients and time of observation 
; ;vill have to be much greater to allow defin- 
itive conclusions regarding this issue. 

» - 

5 What Are the Obstacles to 
/Successful Human Gene Transfer? 

i* 

^With the successes of the human gene 
:.' transfer trials have come the sobering real- 
cities of the drug development process. Some 
fof the problems are generic for the field, 
-, and some are specific for each vector. 
| Inconsistent results. All of the human 
= gene transfer studies have been plagued by 
inconsistent results, the bases of which are 
^unclear. For example, in the two children 
*with ADA deficiency receiving intermit- 
■ •tent infusions of autologous T cells modi- 
fied ex vivo with the normal ADA cDNA, 
:rLe resulting proportion of ADA + circulat- 
£ingT cells has varied from 0.1 to 60% (30, 
•;ii). In the CF trials, there is evidence that 
adenovirus vectors and plasmid-liposome 
complexes can transfer the normal CFTR 
.cDNA to the respiratory epithelium, but 
expression is observed in at most 5% of the 
target cells and is not seen in all recipients 
(44-51,65). Further, an appropriate biolog- 
ic response to gene transfer (correction of 
the abnormal potential difference across the 
nasal epithelium) has been observed in 
some patients in most, but not all, of the 
studies of CFTR cDNA transfer (44-47, 50, 
51, 62). In most of the ex vivo marrow- 
narking trials, successful gene transfer is 
observed intermittently (Table 1). 
; Hwnans are not simply large mice. There 
.lave been several surprise examples, in 
*hieh predictions from gene transfer studies 
■■jo experimental animals have not been 
borne out in human safety and efficacy trials. 
_ ra tumor vaccine studies intended to evoke a 
tumor-directed immune response, there is no 
convincing evidence (other than anecdotal 
reports) that tumors regress, despite the 
/promising observations in experimental ani- 
;tnals (34, 37, 52-56). It has also become 
jlPParenr that studies in experimental ani- 
;.»als may not necessarily predict the toxicol- 
VeCt0rs in numans - 1" one patient 
;: ** CF in whom 2 X 10 9 plaque-forming 
^OTtj 0 ^ 311 a ^ enovinjs vector containing the 
{SriR cDNA were administered to the lung, 
feftn^'"" local and systemic inflammatory 
I^Wdrome was evoked, despite the fact that 
JjfemH niCally apparent toxicity was observed 
, indents and nonhuman primates receiving 



1000-fold greater doses by the same route 
(45). Likewise, in an ex vivo-in vivo strategy 
to treat glioblastoma, transfer of xenogenic 
retrovirus-producing cells to the tumor was 
accomplished without significant adverse ef- 
fects in experimental animals, but the hu- 
man studies have been associated with cen- 
tral nervous system toxicity related to trans- 
fer of the cell line to the tumor (43, 66). 

Production problems. There are signifi- 
cant hurdles in vector production that must 
be overcome before large clinical trials can 
be initiated. Generation of replication- 
competent vims is observed in production 
of clinical-grade retrovirus and adenovirus 
vectors; and lack of reproducibility, aggre- 
gation, and contamination with endotoxin 
complicate the production of clinical-grade 
plasmid-liposome complexes (68). 

The perfect vector. The ideal gene trans- 
fer vector would be capable of efficiently 
delivering an expression cassette carrying 
one or more genes of the size needed for the 
clinical application. The vector would be 
specific for its target, not recognized by the 
immune system, stable and easy to repro- 
ducibly produce, and could be purified in 
large quantities at high concentrations. It 
would not induce inflammation and would 
be safe for the recipient and the environ- 
ment. Finally, it would express the gene (or 
genes) it carries for as long as required in an 
appropriately regulated fashion (69). 

This ideal vector is conceptually imprac- 
tical, because the human applications of 
gene transfer are broad, and the ideal vector 
will likely be different for each application. 
Clinical experience to date suggests that 
retrovirus, adenovirus, and plasmid-lipo- 
some vectors all need refinement, but each 
is relatively well suited for the clinical tar- 
gets at which they have been directed. Fur- 
ther, the technology is now available to 
create designer vectors that can be opti- 
mized for each application. Among the de- 
sign hurdles for all vectors are the need to 
increase the efficiency of gene transfer, to 
increase target specificity and to enable the 
transferred gene to be regulated. Reproduc- 
ible production of large amounts of pure 
vector is a hurdle for all classes of vectors. 
Some of the vector-specific hurdles are re- 
duction of the risk for insertional mutagen- 
eses in retrovirus vectors, minimization of 
t .e amount of immunity and inflammation 
evoked by the adenovirus vectors, and en- 
hancement of the translocation of the gene 
to the nucleus for the plasmid-liposome 
complexes. 

There is considerable interest in develop- 
ing new vectors, but there is controversy as 
to which vector class is most likely to suc- 
ceed, particularly for use in in vivo applica- 
tions. There are two philosophical camps in 
vector design: viral and nonviral. The viral 
proponents believe that the most efficient 
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means to deliver an expression cassette in 
vivo is to package it in a replication-defi- 
cient recombinant virus. The logic support- 
ing this approach is the knowledge that vi- 
ruses are masterful at reproducing them- 
selves, and thus have evolved strategies to 
efficiently express theit genetic information 
in the cells they infect. The nonviral propo- 
nents concede this argument but believe 
that the redundant anti-immune and inflam- 
matory host defenses against viruses may be a 
risk to recipients, will limit the duration of 
expression as the infected cells are recog- 
nized by the immune system, and may hinder 
the efficacy of repeat administration of the 
vectors. Thus, nonviral vector aficionados 
believe it is rational to start from scratch to 
design safe, efficient, gene transfer strategies. 
In contrast, the viral camp believes that it is 
best to start with something that works but 
then to circumvent the replication, immune, 
and inflammation risks inherent in their use 
by appropriate vector design. It is most likely 
that these philosophical differences will 
eventually disappear as new classes of vectors 
are designed that incorporate features of viral 
and nonviral vectors, as dictated by specific 
clinical applications. 

Future Prospects 

None ot the drug development problems 
facing human gene transfer are insurmount- 
able, but each will take time to solve. How- 
ever, the logic underlying the potential use- 
fulness of human gene transfer is compel- 
ling; and put in a context in which the 
human genome project will provide 80,000 
to 1 00,000 human genes that could be used 
in expression cassettes for human gene 
transfer, the potential impact of this tech- 
nology tor innovative therapies and in- 
creased understanding of human biology is 
enormous. 
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The Nematode Caenorhabditis 
elegans and Its Genome 

Jonathan Hodgkin, Ronald H. A. Plasterk, Robert H. Waterston 

Over the past two decades, the small soil nematode Caenorhabditis elegans has becom 
established as a major model system for the study of a great variety of problems in biolog 
and medicine. One of its most significant advantages is its simplicity, both in anatomy an 
in genomic organization. The entire haploid genetic content amounts to 100 million bas 
pairs of DNA, about 1/30 the size of the human value. As a result, C. elegans has als 
provided a pilot system for the construction of physical maps of larger animal and plar 
genomes, and subsequently for the complete sequencing of those genomes. By mic 
1995, approximately one-fifth of the complete DNA sequence of this animal had bee 
determined. Caenorhabditis elegans provides a test bed not only for the development an 
application of mapping and sequencing technologies, but also for the interpretation an 
use of complete sequence information. This article reviews the progress so far toward 
realizable goal — the total description of the genome of a simple animal. 



Caenorhabditis elegans has many attractive 
features as an experimental system (J ). The 
lite cycle is simple and" rapid, with a 3-day 
generation time, and populations can he 
grown with ease on agar plates or in liquid, 
usually hy using Escherichia coli as a rood 
source. These populations normally consist 
of only self-fertilizing hermaphrodites, but 
cross-fertilization is also possible, with the 
male sexual form. The option of reproduc- 
tion by either selfing or crossing leads to 
very convenient genetics so that mutants 
can readily be generated, propagated, and 
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analy:ed (2). A simple freezing protocol pe 
mits stable storage of all strains, which n 
tain viability indefinitely in the frozen Stat. 

The animal, about 1 mm long when ful. 
grown, is completely transparent at all star 
es of development. Both development ar. 
anatomy are essentially invariant amor 
wild-type individuals. At maturity, all adu 
hermaphrodites contain 959 somatic nucl' 
and fewer than 2000 germ cell nuclei. D. 
spite its low cell number, C. elegans has ful. 
differentiated tissues corresponding to tho 
of more complicated animals. The transpa 
ency and rapid development allow dire 
examination of cell division and different 
ation in living animals with Nomarski m 
croscopy. The small size of the animal al 
permits reconstruction of the entire anac 
my at the ultrastructural level with sen 
section electron microscopy. However, u 
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